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Abstract: TiO2 nanoparticles doped with different amounts of Nd3+ (0.5, 1, and 3 wt.%) were
synthetized by the sol–gel method, and evaluated as potential temperature nanoprobes using the
fluorescence intensity ratio between thermal-sensitive radiative transitions of the Nd3+. XRD charac-
terization identified the anatase phase in all the doped samples. The morphology of the nanoparticles
was observed with SEM, TEM and HRTEM microscopies. The relative amount of Nd3+ in TiO2 was
obtained by EDXS, and the oxidation state of titanium and neodymium was investigated via XPS and
NEXAFS, respectively. Nd3+ was present in all the samples, unlike titanium, where besides Ti4+, a
significantly amount of Ti3+ was observed; the relative concentration of Ti3+ increased as the amount
of Nd3+ in the TiO2 nanoparticles increased. The photoluminescence of the synthetized nanoparticles
was investigated, with excitation wavelengths of 350, 514 and 600 nm. The emission intensity of
the broad band that was associated with the presence of defects in the TiO2, increased when the
concentration of Nd3+ was increased. Using 600 nm for excitation, the 4F7/2→4I9/2, 4F5/2→4I9/2 and
4F3/2→4I9/2 transitions of Nd3+ ions, centered at 760 nm, 821 nm, and 880 nm, respectively, were
observed. Finally, the effect of temperature in the photoluminescence intensity of the synthetized
nanoparticles was investigated, with an excitation wavelength of 600 nm. The spectra were collected
in the 288–348 K range. For increasing temperatures, the emission intensity of the 4F7/2→4I9/2

and 4F5/2→4I9/2 transitions increased significantly, in contrast to the 4F3/2→4I9/2 transition, in
which the intensity emission decreased. The fluorescence intensity ratio between the transitions
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were used to calculate the relative sensitivity of the sensors. The

relative sensitivity was near 3% K−1 for I760
I880

and near 1% K−1 for I821
I880

.
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1. Introduction

TiO2, also called titania, is widely studied, due to its large chemical stability, easy and
low-cost synthesis methods, additionally to its high photoactivity [1,2]; these properties
make TiO2 a good candidate for several valuable applications, such as solar cells, gas
sensors, water cleaning, among others [3–8]. Furthermore, due to its high biocompatibility,
TiO2 is a promising material for biological applications [9,10]. The optical properties of
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TiO2 depend on the density and type of defects, the presence of dopants, as well as on the
synthesis method [11]. TiO2 presents high transparency in visible/NIR light, and absorbs
light in the UV region of the spectrum, due to its large band gap (~3.2 eV) [12]; the UV region
represents just 3–5% of the solar spectrum [13]. However, it has been shown that doping
titania can lead to changes in its optical properties [14–17]; doping TiO2 with lanthanide
ions allows the system to be excited with visible light (>400 nm), thus a great part of the
solar spectrum can be used to excite Ln3+ –TiO2 [18]. The emission lines of the different
lanthanides appear in all the regions of the spectrum, from UV (Gd3+), the visible range
(Eu3+, Sm3+), to the near-infrared (NIR) range (Nd3+, Er3+, Yb3+) [19]. Lanthanide ions
owe their unique luminescence properties to electronic transitions in their partially filled 4f
orbitals. The emission lines of lanthanides are very narrow, specific, and with long lifetimes,
due to the shielded of 4f levels by the 5s and 5p levels that protect the f–f transitions from
perturbations caused by the crystalline field of the host matrix. However, the intensity
and width of the lines of photoluminescence depend on the host material [20,21]. Bearing
in mind the information above, choosing among different lanthanides and host matrices,
allows the emission of the material to be adjusted for a desired application. Nevertheless,
using lanthanides as dopants with high concentrations produces dopant clustering and
luminescence quenching [14,22–24], consequently for each host there is a doping limit to
avoid clustering, and strategies to detect and analyze low photoluminescence intensity
signals must be developed.

Among the Ln3+ ions, Nd3+ has obtained particular attention, due to its singular
optical and magnetic properties [25–27]. It has been reported that the introduction of
neodymium atoms into the TiO2 lattice induces the formation of new sub-bandgap states
below the TiO2 conduction band, due to the properly overlap of the Nd3+ energy levels
with the conduction band of TiO2 [12] decreasing the energy of the TiO2 bandgap [28].
Additionally, Hassan et al. [29], reported that Nd3+

, compared with Ce3+ and La3+ ions,
had led to a higher increase in TiO2 photoactivity. While Silva et al. used Nd3+-doped TiO2
nanocrystals as a luminescent nanothermometer operating within biological windows [30].

The increased interest in nanometer scale systems, such as in nanoelectronics and
nanofluids, has increased the need to monitor local changes in the temperature in nano-
metric scales, which traditional thermometers are unable to measure. Different strategies
have been developed to tackle this need, one of the most studied is luminescence nanother-
mometry, which is a technique that uses materials whose luminescent properties, such as
luminescence intensity, bandwidth, polarization, decay time, spectral position, and band
line shape, are affected by temperature [31]. It is recognized that the luminescent properties
of Ln3+ ions, such as luminescent intensity, depend critically on the temperature [32–34].
Besides this, the relative long recombination lifetimes compared to other luminescent
probes, and the vast range of temperatures that Ln3+ ions can be susceptible to, make
Ln3+-doped materials great nanothermometer candidates [33].

The fluorescence intensity ratio (FIR) technique is the most frequently used method for
optical temperature sensing. In single-center radiometric thermometers, the fluorescence
intensity ratio (FIR) technique is defined using the emission intensity ratio I2/I1 from
two thermally coupled electronic levels, with the requirement that they must be energy-
close transitions, in the range from 200 to 2000 cm−1, where I1 and I2 are the integrated
luminescence intensities of the lower (1) and higher (2) energy levels, respectively [35,36].
FIR depends on a Boltzmann energy transfer distribution between the (1) and (2) levels,
and can be expressed with the following equation [34]:

FIR =
I2

I1
= Aexp

(
− ∆E

KB T

)
(1)

where A is a constant that depends on the degeneracies, populations, total spontaneous
emission rates, and the frequencies of the two levels. Moreover, ∆E (cm−1) is the energy
gap between the barycenter of the involved levels, KB (cm−1 per K) is the Boltzmann
constant, and T (K) is the absolute temperature. The FIR technique has the following
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advantages: high spatial resolution, high thermal resolution, fast response time, and wide
operating temperature range [34]. Additionally, FIR is independent of external disturbances,
such as luminescence loss, fluctuations in the excitation source during the temperature
measurement, and response curve of the detector [37].

Here, we study TiO2 nanoparticles doped with Nd3+ ions (Nd3+–TiO2), synthesized
by the sol–gel method, reported as having high reproducibility and high purity and
homogeneity of the products [18]. The Nd3+ doping is ideal for biological applications,
as excitation and emission occur in biological windows (biological windows (BW) are
reported from 650 to 950 nm, from 1000 to 1380 nm, and, the third, from 1500 to 1800 nm),
avoiding cell auto-luminescence [30]. The quantity of the dopant Nd3+ was varied in
low concentrations, from 0.5, 1 and 3 wt.%, in order to avoid luminesce quenching, as
observed in high doping amounts, clustering of Nd at the nanoparticle surface, and
possible increase in the toxicity of the Nd3+–TiO2 [30,38,39]. The morphology, phase,
and chemical composition of the synthesized nanoparticles was characterized by XRD,
SEM-EDXS, TEM, HRTEM, XPS and NEXAFS techniques. The photoluminescence of
the nanoparticles was investigated using 350, 514 and 600 nm as excitation wavelengths.
In order to observe the dependence on temperature of the luminescence intensity of
the Nd3+–TiO2 nanoparticles, their luminescent spectra, in the range between 700 and
950 nm, were acquired after excitation at 600 nm at different temperatures (288–348 K),
without using the correction response curve of the R928 photomultiplier, allowing the
determination of the FIR values with accuracy. The relative sensitivity of the nanoparticles
was obtained using the fluorescence intensity ratio between the Nd3+ following transitions:
I821
I880

=
4F5/2→4 I 9/2
4F3/2→4 I 9/2

and I760
I880

=
4F7/2→4 I 9/2
4F3/2→4 I 9/2

, as reported by Balabhadra et al. 2015 [40].

2. Experimental Section
2.1. Materials Synthesis

The synthesis of TiO2 nanoparticles doped with neodymium was carried out using a
modified sol–gel method adapted from Sugimoto et al. [41]. The following four batches
of nanoparticles were synthesized varying the neodymium content: 0.5, 1 and 3 wt.%
and a control batch, undoped TiO2 (0% Nd). First, a solution of titanium isopropoxide
(Ti(OiPr)4) was prepared by diluting 15.4 mL of (Ti(OiPr)4) with 250 mL of absolute ethanol
(EtOH(abs)). Then, a solution of neodymium salt (Nd(NO3)3 • 6H2O) was prepared by
dissolving a calculated amount of Nd(NO3)3 • 6H2O (61.1 mg (0.5 wt.%), 112.8 mg (1 wt.%)
and 375.9 mg (3 wt.%)) in 40 mL of EtOH(abs). When the salt was fully dissolved 1.3 mL of
triethanolamine was added. The prepared solution was added to the solution of Ti(OiPr)4.
The mixture was stirred at room temperature for 5 min and then a solution of 40 mL of
EtOH and 10 mL of deionized water was added dropwise. The mixture was stirred at room
temperature for 3 h. In a next step, the reaction mixture was dried on a magnetic stirrer
at 70 ◦C for 5 h, then at 100 ◦C for 12 h and in the oven at 250 ◦C for 12 h, followed by
calcination at 550 ◦C for 10 h. The doped samples were labeled 0-Nd–TiO2 (undopped),
0.5-Nd–TiO2, 1-Nd–TiO2 and 3-Nd–TiO2 where the first number denotes a neodymium
doping level.

2.2. Materials Characterization: Morphology, Structural and Elemental

A D4 Endeavor, Bruker AXS diffractometer with Cu Kα radiation (λ = 1.5406 Å) and a
Sol-X energy-dispersive detector was used to record XRD (X-ray diffraction) patterns, for
phase composition determination. The diffractograms were acquired with collection time
of 3 s in the 2θ angular range with a step size of 0.02◦ s–1.

A field emission scanning electron microscope (FE-SEM, Jeol 7600F) and a transmission
electron microscope (TEM Jeol 2100, 200 keV) were used to determine the morphology of
the nanoparticles. The samples were dispersed in water and supported on an Al sample
holder for SEM analysis, a 5-nm-thick carbon layer was deposited on the sample to avoid
build-up of charge during the SEM analysis. For the TEM analyses, the samples were
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dispersed ultrasonically in methanol and a drop of the dispersion was put onto a copper
grid supporting a lacy carbon film (300 mesh).

Neodymium content was determined from EDX spectroscopy (energy-dispersive
X-ray) combined with the FE-SEM. For the EDXS analysis (FE-SEM) the powder samples
were pressed into pellets and placed on a carbon tape on an Al sample holder and coated
with a thin carbon layer prior to the analyses.

The elemental composition of the surface of the nanoparticles was analyzed by X-ray
photoelectron spectroscopy (XPS). From the analysis of the XPS spectra we also obtained
the chemical states of titanium in the samples through the curve-fitting analysis of Ti2p
XPS spectrum using the CASA XPS software. A VersaProbe PHI 5000 spectrometer from
Physical Electronics, equipped with a monochromatic Al Kα X-ray source with energy
resolution of 0.5 eV, the X-ray beam diameter 200 µm was used to record the XPS spectra.
During the measurements, a dual-beam charge neutralization with an electron gun (1 eV)
and an Ar ion gun (≤10 eV) were used for charge compensation of the sample surface. The
C1s peak centered at 284.6 eV was used for binding energy reference.

The TXM (transmission X-ray microscope) end-station equipped with a 25 nm zone
plate installed at the undulator beamline U41-XM at the electron storage ring BESSY II,
Helmholtz-Zentrum Berlin (HZB) was used to record the NEXAFS spectra [42,43]. The
calculated spectral resolution was E/∆E = 20000. The photon flux variation with photon
energy (hv) and acquisition time used for recording the different regions of the spectra were
corrected using a spectrum recorded in bare regions near the nanoparticle. The axis2000
was used for data analysis (A.P.Hitchock, http://unicorn.mcmaster.ca/aXis2000.html)
(accessed on 10 March 2021).

2.3. Optical Characterization

The near-infrared photoluminescence spectra were recorded in the range of 725 to
1000 nm and from 800 to 1450 nm using an argon laser (Coherent Innova 400, 514 nm)
as the excitation source. The photoluminescent signals were dispersed by a Thermo
Jarrel Ash monochromator (0.3 m, model 82497) coupled with a photomultiplier (Hama-
matsu/R632) (for the range from 725 to 1000 nm) and an InGaAs sensor (for the range
from 800 to 1450 nm) for detection. The Nd3+ luminescence decay time was monitored at
1096 nm resulting in the 4F3/2→4I11/2 transition, using the Thermo Jarrel Ash monochro-
mator (0.3 m) and the InGaAs detector; the second harmonic of a Nd: YAG laser (Sure-
lite/Continumm, 532 nm, 10 Hz, 5 ns) was used as an excitation source. A digital oscillo-
scope (Tektronix/TDS380) was used to record the decay time curves.

A SPEX Fluorolog spectrofluorometer (0.22 m, Spex/1680) (excitation source = Xe-
lamp, detection = photomultiplier (Hamamatsu/R928)) was used to record the photolumi-
nescence spectra in the visible region. Further details can be found in
Borrero-González et al. 2020 [35]. The optical emission of the defect band in TiO2 in the
range from 380 to 750 nm was recorded after excitation at 350 nm at room temperature.
The photoluminescence spectra in the range from 700 to 950 nm were recorded at different
temperatures after excitation at 600 nm. The temperature of the samples was varied in the
range of 288–348 K using a Peltier cooling/heating homemade system equipped with a
temperature controller (AUTONICS-TZN4S), with resolution of 0.10 K.

3. Results and Discussion

The synthesized samples were characterized in order to determine their crystallo-
graphic phase composition, morphology, doping level, and oxidized states of the neodymium
and titanium atoms. Figure 1a compares the diffractograms of the undoped and Nd3+-
doped (0.5, 1 and 3 wt.%) TiO2 samples. The XRD pattern of the undoped TiO2 exhibits
diffraction peaks of anatase and rutile TiO2 (matching ICCD cards no. 86-1157 and 87-0710,
respectively); the estimated amount of rutile in the sample is about 20%, (calculated using
Spurr’s formula (Spurr, 1957)). The XRD patterns of the neodymium-doped TiO2 samples
match to anatase TiO2 (ICCD card no. 86-1157). Comparing the diffractograms of the
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doped samples, we can observe that (i) the intensity of the (101) peak decreases with an
increasing amount of neodymium (Figure 1a), and (ii) the peak width becomes wider with
an increasing amount of dopant (Figure 1b). These results indicate that the presence of Nd3+

(i) suppressed the transformation of the anatase phase to rutile, at processing conditions
as reported for Gd–La-doping of TiO2 (Wang 2015), and/or (ii) it caused disorder in the
TiO2 lattice that can be related to the difference in the ion radii of Ti4+ and Nd3+ (0.64 Å
and 0.98 Å, respectively). The doping with Nd3+ was reported to create oxygen vacancies
in TiO2, to maintain the neutrality after the introduction of Nd3+ (for each two Nd3+ in-
troduced, one O2- is released) [44]. Disorder can be caused by occupation of interstitial
sites; however, the interstitial sites in TiO2 are smaller than the ion radii of Nd3+, which is a
strong reason that may impede the occupation of Nd3+ in interstitial position. Moreover,
this would also involve the accommodation of O2- ions in the vicinity of the interstitial
Nd3+, to compensate the charges, and a considerable number of Ti4+ vacancies would be
created [44]. Therefore, besides the creation of defects, there is the possibility that part
of the Nd3+ remains on the surface of TiO2 [22]; however, no peaks that were associated
with the formation of neodymium oxide particles were observed for the low Nd doping
amounts used. The (101) peak position in the doped samples is slightly shifted toward
lower angles (2θ~25.36◦) compared to the undoped sample (2θ~25.39◦), indicating a slight
increase in the unit cell as a consequence of Nd3+ doping. Table S1 compares the doping
with the variation in the band energy gap; it can be seen that at low concentrations, the
optical gap did not vary noticeably.

Figure 1. (a) Powder XRD patterns of undoped TiO2 sample and samples doped with 0.5, 1 and 3 wt.% of Nd3+. (b) Enlarged
(101) peak region; for all samples the intensity of the (101) peak was normalized to the peak of the 3-Nd–TiO2. Peaks marked
with * stand for anatase while • for rutile.

Morphological characterization was carried out for all the synthesized samples, but,
for simplification, only the 3 wt.% Nd3+–TiO2 results are shown (Figure 2); SEM and TEM
investigation of 3-Nd–TiO2 revealed that the sample consists of round-like structures, with
diameters between 150 nm and 300 nm (Figure 2a), which are composed of aggregated
nanoparticles with diameters around ~15–20 nm (Figure 2b). The powder sample is poly-
crystalline, as revealed by the selected electron area diffraction (SEAD) pattern (Figure 2b,
bottom inset). The EDX spectrum (Figure 2c), taken over the same area as presented in
Figure 2b, shows the presence of neodymium. The measured d-spacing of the lattice (101)
planes is 0.37 nm, and is slightly increased when compared to 0.35 nm for anatase (ICDD
78-2486 pattern). The neodymium content, determined with EDXS analysis using SEM, was
0.6 wt.% ± 0.3 (0.5-Nd–TiO2), 0.9 wt.% ± 0.2, (1-Nd–TiO2) and 2.9 wt% ± 0.4 (3-Nd–TiO2).
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Figure 2. (a) SEM and (b) TEM images with corresponding SEAD pattern (bottom inset), and (c) EDX spectrum of the
3-Nd–TiO2 sample. EDX spectrum (c) was taken over an area presented in Image (b). Upper inset in Image (b) shows a
crystalline particle, the interlayer distance is 0.37 nm.

X-ray photoelectron spectroscopy was used to determine the surface chemical composi-
tion of the nanoparticles, and the oxidation state of the titanium in the samples. The survey
spectra of the samples show the presence of titanium, oxygen, carbon, and neodymium
(Supplementary Materials Figure S1). The presence of carbon is related to contamina-
tion due to air exposure. The curve-fitting analysis of the high-resolution Ti2p spectra
of undoped, 0.5, 1 and 3 wt.% Nd–TiO2, shown in Figure 3, provides information on the
chemical states of the titanium in the samples. Because of the j–j coupling or spin–orbit
splitting of the Ti2p level, each state of oxidation of titanium has two components in the
spectrum, named as the doublet, one corresponding to Ti2p3/2 and another to Ti2p1/2. To
reproduce the Ti2p spectra of the three Nd–TiO2 samples, two doublets were used. The
doublet with binding energies at 458.5 and 464.2 eV (green doublet) is assigned to the
titanium with an oxidation state Ti4+ [45]. The doublet with binding energies at 456.3 and
461.1 eV (purple doublet) was reported to be associated with Ti3+. The relative contribu-
tion of this component to the Ti2p spectrum increases for increasing Nd3+ content, from
3.1% of the total amount of titanium in the 0.5-Nd–TiO2 sample, followed by 5.2% in the
sample 1-Nd–TiO2, to a relative concentration of 6.0% in the sample 3-Nd–TiO2. It has
been reported that even in TiO2 with high crystallinity, a minor amount of Ti3+, due to
oxygen vacancies, is present [46–48]. Therefore, in the samples, the presence of reduced
Ti3+ can be associated with oxygen defects, which increase with an increasing amount of
Nd3+, indicating the introduction of oxygen defects in the TiO2 lattice when Nd3+ is added
as the dopant, which is in agreement with the XRD results, and as reported in [49]. As
expected, metallic titanium (Ti0) was not founded in the samples.

Due to the small amount of Nd atoms in the TiO2 matrix, the evaluation of the Nd
oxidation state from the Nd XPS spectra is not straightforward. Alternatively, as X-ray
absorption of rare earths in the region of the 3d level have high-absorption cross sections,
and the energy position of the X-ray absorption edges are very sensitive to changes in the
valence state, NEXAFS-TXM allows the evaluation of the oxidation state of rare earths in
doping quantities [50,51]. Figure S2 shows the Nd M4,5 NEXAFS-TXM spectrum for the
0.5-Nd–TiO2 sample, the Nd M4-edge is at 1000.3 eV and the Nd M5-edge at 978.5 eV, and
these energy positions were reported to be characteristic of the Nd3+ [50].

The luminescence properties of the undoped and the Nd3+–TiO2 nanoparticles were
investigated, Figure 4 shows the schema of the excitation, radiative emission, energy
transfer, non-radiative emission, and cross-relaxation (CR) processes affecting the photolu-
minescence of this nanomaterial. These processes are described as follows: excitation at
350 nm (~3.5 eV), above the energy band gap of TiO2 (~3.2 eV), promotes the transition of
electrons from the valence band (VB) to the conduction band (CB) in TiO2. Then follows
energy transfer (ET) from CB to the excited states of the Nd3+ ions, due to resonance in the
energy levels. In parallel, non-radiative relaxation occurs, from CB to defect bands within
the band gap of TiO2. Both the mechanisms are competitive, with a strong dependence
on temperature [14]. Radiative relaxation from the defect bands to the valence band may
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occur, generating a broad emission band from 380 to 750 nm (see Figure S2). As can be
observed, the emission that is associated with the defects has two components for all the
samples, with a maximum intensity at 512 nm for the 0.5-Nd–TiO2 sample, while for the
1-Nd–TiO2 and 3-Nd–TiO2 samples, there is a spectral shift in the maxima to higher energy
centered at 430 nm; these results are in agreement with the literature [52,53]. The inten-
sity of the defect emission band increases for increasing Nd3+ concentration. As shown
by XRD (Figure 1) and XPS (Figure 3), the doping with Nd3+ creates oxygen vacancies
in TiO2, which is, therefore, in agreement with the literature, and the long-wavelength
defect band emission can be attributed self-trapped excitons (STE) associated with oxygen
vacancies [11,14,51,53]. The STE emission intensity of TiO2 increases severally with the
increase in Nd3+ concentration, due to the increasing number of oxygen vacancies, and
also the increasing concentration of Ti3+ in the nanoparticles, which is in agreement with
the XPS analysis of the Ti2p core level.

Figure 3. Curve-fitting XPS analysis of high-resolution Ti2p spectrum from 0, 0.5, 1 and 3 wt.% Nd-doped TiO2. The green
doublet is assigned to titanium with oxidation state Ti4+ and the purple doublet to Ti3+.

In TiO2 doped with Nd3+ ions, the non-radiative relaxation occurs via multiphonon,
generating near-infrared emissions that are associated with the 4F7/2→4I9/2 (760 nm),
4F5/2→4I9/2 (821 nm), 4F3/2→4I9/2 (917 nm), 4F3/2→4I11/2 (1096 nm), and 4F3/2→4I13/2
(1381 nm) transitions. The decrease in the intensity of these transitions with the increasing
Nd3+ concentration is associated with a well-known cross-relaxation (CR) process between
adjacent Nd3+ ions in the host matrix (Figure 4). CR processes are dipolar transitions
between Nd3+ ions, in the following way: the 4F3/2→4I15/2 transition of one Nd3+ ion
resonantly transfers energy to a neighboring Nd3+ ion, causing the 4I9/2→4I15/2 excita-
tion, and the electrons in the excited state of 4I15/2 of Nd3+ ions undergo a non-radiative
relaxation to the 4I9/2 ground state of Nd3+. The normalized near-infrared photolumi-
nescence spectra, in the range from 800 to 1450 nm of the x-Nd–TiO2, for x = 0.5, 1.0 and
3.0 wt.% under 514 nm excitation, are shown in Figure S3. The intensities of the spectra
were corrected to the nominal Nd3+ concentration. The emission bands that are centered
at 917, 1096 and 1381 nm can be respectively assigned to the 4F3/2→4I9/2, 4F3/2→4I11/2,
4F3/2→4I13/2 electronic transitions of the Nd3+ ion. The identified transitions correspond
well with the reported data of Nd3+ in the anatase matrix [53,54]. The photoluminescence
decay curves of the x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%), detected at 1096 nm, due to
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4F3/2→4I11/2 transition, were recorded after pulsed excitation at 532 nm (not shown here).
All the transients exhibit non-exponential behavior; the average decay times decreased
from τ = 45 µs (0.5-Nd–TiO2) to τ = 32 µs (3.0-Nd–TiO2), and these characteristic decay
times confirm the presence of the CR process in the prepared samples, as depicted in
Figure 4 [54,55].

Figure 4. Energy level diagram of Nd3+–TiO2 under excitation at 350, 514 and 600 nm presenting the radiative, energy
transfer, non-radiative and cross-relaxation process.

The near-infrared photoluminescence spectra of the x-Nd–TiO2 nanoparticles, obtained
using a 514 nm wavelength of excitation, and collected in the range from 725 to 1000 nm
using the photomultiplier R632, are presented in Figure 5. For all the samples, three
different emissions were observed, centered at 760, 821 and 917 nm, and these emissions
are related to the intra-4f transitions of 4F7/2→4I9/2, 4F5/2→4I9/2 and 4F3/2→4I9/2 of Nd3+

ions, respectively. All these spectra were normalized at 911 nm for better visualization.
The intensity of the 4F7/2→4I9/2, 4F5/2→4I9/2 transitions at 760 nm and 821 nm,

respectively, are very low, due to the strong multiphonon relaxation from the 4F7/2 and
4F5/2 levels to the 4F3/2 level. Therefore, they were multiplied by a factor of 500 for
better comparison. As can be observed, the intensity at 821 nm is about 500-fold lower
than the intensity at 911 nm, and the intensity at 760 nm is even lower. Due to the large
difference in the intensities of these transitions, the spectra shown in Figure 5 were taken
at a high integration time, which prevents their use as a nanothermometer when a fast
response time is needed. In addition, the large intensity difference in these transitions
introduces inaccuracy into the determination of the FIR values. Therefore, to overcome
this drawback, the emission spectra in the range between 700 and 950 nm, recorded at
different temperatures in the range between 288 and 348 K, were acquired, without using
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the correction response curve of the R928 photomultiplier [40]. This photomultiplier has
a large gain difference in the range between 800 and 900 nm (with high gain at 800 nm
and low gain at 900 nm) Please replace by (https://www.hamamatsu.com/resources/
pdf/etd/R928_R928P_R955_R955P_TPMS1091E.pdf (accessed on 10 March 2021) please
check spectral responsed of R928). In this regard, the transitions that have low intensity
(4F7/2→4I9/2, 4F5/2→4I9/2) are observed with high gain, and the transition of high intensity
(4F3/2→4I9/2) is observed with low gain, i.e., the three transitions are observed in the same
detection scale as shown below. This acquisition strategy of the photoluminescence spectra
does not affect the calculated FIR values, since FIR is defined through a ratio of intensities.

Figure 5. Normalized near-infrared photoluminescence spectra of x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%) nanoparticles,
excitation at 514 nm. The intensity of the 4F7/2→4I9/2 and 4F5/2→4I9/2 transitions were multiplied by a factor of 500 for
better comparison.

In order to evaluate the synthetized nanoparticles as temperature sensors, the lumines-
cence spectrum for all three of the Nd3+–TiO2 samples were obtained using an excitation of
600 nm. The excitation power was 200 µW, to avoid uncontrolled extra heating of the nan-
othermometer. The spectra were taken at different controlled temperatures, in the range of
288–348 K (Figure 6). The luminescence intensity of the 4F7/2→4I9/2 and 4F5/2→4I9/2 tran-
sitions increase as the temperature increases. Conversely, the luminescence intensity of the
4F3/2→4I9/2 transition decreases as the temperature increases. For better visualization, the
spectra were normalized to the 4F3/2→4I9/2 transition intensity at 880 nm (this transition is
centered at 917 nm; however, due to the low gain of the photomultiplier above 900 nm, this
region of the emission spectrum is not clearly observed). The results have a reproducibility
higher than 99%, as expected for a luminescent thermometer based on inorganic host
doped with lanthanide ions, due to their stability in the studied temperature range.

The Nd3+:4F3/2, 5/2, 7/2 are thermally coupled levels, the ratio between the
I821
I880

=
4F5/2→4 I 9/2
4F3/2→4 I 9/2

and I760
I880

=
4F7/2→4 I 9/2
4F3/2→4 I 9/2

were obtained from the experimental data and

fitted with Equation (1). The I821
I880

and I760
I880

FIR of the x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%)
nanoparticles are showed in Figure 7a,b, respectively. The fitted values of A, ∆E, and R2

values are also shown in the same figures.

https://www.hamamatsu.com/resources/pdf/etd/R928_R928P_R955_R955P_TPMS1091E.pdf
https://www.hamamatsu.com/resources/pdf/etd/R928_R928P_R955_R955P_TPMS1091E.pdf
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Figure 6. Temperature evolution of the emission spectra of (a) 0.5-Nd–TiO2, (b) 1-Nd–TiO2 and (c) 3-Nd–TiO2 after excitation
at 600 nm. The 4F3/2→4I9/2 transition intensity at 880 nm was normalized for all samples. The spectra were not corrected
for the detector response curve. All spectra were acquired with integration time equal to 1 s.

Figure 7. FIR values of x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%) nanoparticles for the I821
I880

=
4 F5/2→4 I 9/2
4 F3/2→4 I 9/2

ratio (a) and the
I760
I880

=
4 F7/2→4 I 9/2
4 F3/2→4 I 9/2

ratio (b). The FIR values are represented as symbols and FIR fitting is represented as continuous lines.

The FIR increases as the temperature increases for all the samples. The ∆E values
from the fitting, ∆E = 1000 cm−1 for the energy separation between the 4F5/2 and 4F3/2
levels, and ∆E~2000 cm−1 for the energy separation between the 4F7/2 and 4F3/2 levels,
are in total agreement with the corresponding values from the barycenter concerning the
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same levels as shown in Figure 5. In addition, good-quality fittings were obtained for all
the samples.

The figure of merit for the comparison of the performance of different thermometers
is the relative thermal sensitivity (Sr), calculated using Equation (2) [34].

Sr =
1

FIR

∣∣∣∣dFIR
dT

∣∣∣∣(%K−1
)
=

∆E
kBT2

(
%K−1

)
(2)

The Sr for the I821
I880

and I760
I880

FIR of the x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%) nanoparticles
are showed in Figure 8.

Figure 8. Relative thermal sensitivity values for x-Nd–TiO2 (x = 0.5, 1.0 and 3.0 wt.%) nanoparticles.
The I821

I880
FIR and I760

I880
FIR are represented as solid blue, for x = 0.5, dash green, for x = 1.0 and dot red

lines, for x = 3.0 wt.%.

As can be observed, the relative thermal sensitivity decreases as the temperature in-
creases; this phenomenon was observed for all the samples, as was expected from Equation
(2) for thermally coupled levels. For the 0.5-Nd–TiO2 sample, the relative sensitivity shows
the maximum value of 1.64 %K−1 at 288 K and the minimum value of 1.16 %K−1 at 348 K,
when the I821/I880 FIR was used. On the other hand, a maximum value of 2.67 %K−1 at
288 K and a minimum of 2.07 %K−1 at 348 K were calculated when the I760/I880 FIR was
used. For the case of the 1-Nd–TiO2 sample, the relative sensitivity shows the maximum
value of 1.73 %K−1 at 288 K and a minimum value of 1.19 %K−1 at 348 K, when the I821/I880
FIR was used. Conversely, a maximum value of 3.43 %K−1 at 288 K and a minimum of
2.38 %K−1 at 348 K were calculated when the I760/I880 FIR was used. Alternatively, the
relative sensitivity of the 3.0-Nd–TiO2 shows a maximum value of 1.67 %K−1 at 288 K
and a minimum value of 1.17 %K−1 at 348 K for the I821/I880 FIR. Secondly, a maximum
value of 3.04 %K−1 at 288 K and a minimum of 2.32 %K−1 at 348 K were calculated for the
I760/I880 FIR. The 3.0-Nd–TiO2 sample had the higher intensity and the best signal-to-noise
ratio; however, the Sr values were lower, which may be associated with the cross-relaxation
process, which is more effective at high Nd3+ concentrations, as was shown in Figure S3.
The 1.0-Nd–TiO2 sample presented the best Sr values. However, the 0.5-Nd–TiO2 sample
did not follow the expected sequence of this set of samples, which could be associated with
the low R2 values as shown in Figure 7.
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The calculated Sr values between 3.43 and 1.16 %K−1, in the temperature range
from 288 to 348 K, are higher than those reported in the literature. For example, in
the work of Rocha et al., Sr decreases from 0.083 to 0.070 %K−1 when the temperature
increases from 303 to 330 K, in Nd3+:LaF3 nanoparticles [56]. These low Sr values can
be associated with the use of emissions from the Stark energy sublevels (R1 and R2) of
4F3/2 (see Figure 5b in [55], where R1 = 11577 cm−1 and R2 = 11630 cm−1 with an energy
difference ∆E = 53 cm−1, which is considerably lower than the difference in energy of the
levels used in this work, ∆E~1000 cm−1 or 2000 cm−1). More recently, Silva et al. reported
a decrease in Sr values, from 0.83 to 0.30 %K−1, in the temperature range from 300 to 353 K
in Nd3+:TiO2 highly doped nanocrystals [30]. Therefore, to the best of our knowledge,
the Sr values that have been reported in this work are the highest in a Nd3+-doped TiO2
nanothermometer, so far.

A relevant parameter for the performance of the thermometers, and related to Sr, is the
temperature uncertainty, δT(T) (also called thermal resolution), given by
Bednarkiewicz et al. [57].

δT(T) =
1
Sr

∣∣∣∣ δ(FIR)
FIR

∣∣∣∣ (3)

where, δ(FIR)
FIR ~3.5% is the relative error in the FIR determination, which was estimated

from our acquisition setup, for an integration time of 1 s. Figure 9 shows δT for the
x-Nd–TiO2 nanoparticles.

Figure 9. Thermal resolution calculated using Equation (3) of x-Nd–TiO2 (x = 0.5, 1.0 and
3.0 wt.%) nanoparticles.

Further, δT monotonically increases for all the samples in the temperature range from
288 to 348 K, as expected from Equation (3). The better thermal resolution is obtained
when the I821/I880 FIR was used; however, the δT values can be improved by increasing
the integration time of the emission spectra.

4. Conclusions

The synthesis of TiO2 nanoparticles doped with 0.5, 1 and 3 wt.% of Nd3+ was success-
fully achieved via the sol–gel method. The crystal phase was anatase for the three doped
samples, unlike undoped TiO2, which was founded to have a mixture between the rutile
and anatase phases. The oxidation state of titanium is mostly Ti4+, with a small contribution
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of Ti3+, which has a relative concentration that increases as the Nd concentration increases
in the samples; only Nd3+ was detected in all three of the x-Nd–TiO2 samples. Defects, such
as oxygen vacancies and Ti3+ created after the Nd3+ incorporation into the TiO2 matrix, gen-
erated electronic states (defect states), and the emission originating in these states explains
the emission of TiO2 in the visible region. The cross-relaxation effect between the Nd3+

neighboring ions was evidenced from the near-infrared emissions, and this effect became
more efficient with the increasing Nd3+ concentration. The Nd3+:4F3/2→4I9/2 (880 nm),
4F5/2→4I9/2 (821 nm), and 4F7/2→4I9/2 (760 nm) transitions are within the first biological
window of tissues, and showed a strong dependence on temperature in the physiological
temperature range, indicating the high potential of this nanomaterial in biological appli-
cations. The Nd3+:4F3/2→4I9/2 (880 nm), 4F5/2→4I9/2 (821 nm), and 4F7/2→4I9/2 (760 nm)
transitions are not commonly used in the FIR technique, due to the strong multiphonon
relaxation from the 4F7/2 and 4F5/2 to the 4F3/2 level, leading to a large difference in the
intensities from these transitions, and this could give inaccurate results. However, the use
of a photomultiplier tube R928 without the response curve of wavelength dependence
permitted the observation of comparable intensities from these transitions, which permits
the construction of more accurate nanothermometers, with fast response times. The cal-
culated relative thermal sensitivities are higher than those reported in the literature. The
reported performance of the nanothermometers shows a strong dependence on the Nd3+

concentration, with the 1.0-Nd–TiO2 nanothermometer being the best, achieving a relative
thermal sensitivity equal to 3.43 %K−1 and a thermal resolution equal to 1.02 K at 288 K,
when the I821/I880 FIR was used.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/s21165306/s1, Figure S1: XPS survey spectrum recorded on 3-Nd-TiO2 sample, Figure S2:
M-edges spectrum recorded on the 0.5-Nd-TiO2 sample. The horizontal axe gives the excitation
photon energy in eV. The open circles are the experimental data and the red line a guide to eye,
Figure S3: Luminescence spectra of x-Nd-TiO2 (x = 0.5, 1.0 and 3.0 wt%) nanoparticles, excitation
at 350 nm and temperature of 298 K, Figure S4: Normalized infrared photoluminescence spectra
of x-Nd-TiO2 (x = 0.5, 1.0 and 3.0 wt%) under 514 nm excitation. The spectra were corrected to the
Nd3+ concentration. The average decay times (x) of each sample are shown in the legend, Table
S1: Summarized data for phase composition, neodymium content and band gap for undoped and
Nd3+-doped TiO2 samples.

Author Contributions: Conceptualization, S.A. and L.J.B.-G.; methodology, C.B. and L.A.O.N.;
validation, S.A., L.J.B.-G., P.U. and P.G.; formal analysis, S.A., L.J.B.-G., P.U., P.G., C.B. and L.A.O.N.;
writing—original draft preparation, S.A. and L.J.B.-G.; writing—review and editing, P.U., C.B. and
L.A.O.N.; visualization, S.A. and L.J.B.-G.; supervision, C.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Coordenaçao de Aperfeiçoamento de Pessoal de Nível
Superior (CAPES), Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Conselho
Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and the Pontificia Universidad
Católica del Ecuador (PUCE), by the Belgian Fund for Scientific Research (FSR- FNRS) under contract
no. J23017F and U.N003.21 and bythe Slovenian Research Agency, research program P1-0125, for
the financial support. The research leading to NEXAFS results has been supported by the project
CALIPSOplus under the Grant Agreement 730872 from the EU Framework Programme for Research
and Innovation HORIZON 2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data are available from authors upon request.

Acknowledgments: CB is a research associate at the National Funds for Scientific Research (FRS-
FNRS). We thank HZB for the allocation of synchrotron radiation beamtime at beamline U41-XM.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/s21165306/s1
https://www.mdpi.com/article/10.3390/s21165306/s1


Sensors 2021, 21, 5306 14 of 16

References
1. Daghrir, R.; Drogui, P.; Robert, D. Modified TiO2 for environmental photocatalytic applications: A review. Ind. Eng. Chem. Res.

2013, 52, 3581–3599. [CrossRef]
2. Khaki, M.R.D.; Shafeeyan, M.S.; Raman, A.A.A.; Daud, W.M.A.W. Application of doped photocatalysts for organic pollutant

degradation—A review. J. Environ. Manag. 2017, 198, 78–94. [CrossRef]
3. Grätzel, M. Perspectives for dye-sensitized nanocrystalline solar cells. Prog. Photovolt. Res. Appl. 2000, 8, 171–185. [CrossRef]
4. Wojcieszak, D.; Mazur, M.; Kurnatowska, M.; Kaczmarek, D.; Domaradzki, J.; Kępiński, L.; Chojnacki, K. Influence of Nd-doping
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